Aims/hypothesis We investigated the long-term impact of diabetic ketoacidosis (DKA) at onset on metabolic regulation and residual beta cell function in a Danish population with type 1 diabetes. Methods The study is based on data from DanDiabKids, a Danish national diabetes register for children. The register provides clinical and biochemical data on patients with type 1 diabetes diagnosed in 1996-2009 and then followed-up until 1 January 2012. Repeated-measurement models were used as statistical methods.
Introduction
Diabetic ketoacidosis (DKA) at onset, an acute complication due to insufficient insulin production, is present in up to 67% of children at the initial presentation of type 1 diabetes [1] [2] [3] [4] [5] . Mortality due to cerebral oedema after DKA occurs in 0.3-1% of newly diagnosed children [6, 7] . A worldwide increase in type 1 diabetes has been reported [8, 9] , and is particularly evident in younger children (<5 years). In addition, the youngest children are at increased risk of presenting with metabolic deterioration [3, 4, [10] [11] [12] due to delayed diagnosis, leading to advanced deterioration at onset [13, 14] and/or a more aggressive aetiology [15, 16] .
The UK has observed an increase in DKA at presentation in recent years [17] , while reports from Sweden and northern Finland have noted a decrease over time [3, 5] , and Germany and Austria have reported no changes in DKA incidence over the past two decades [15] . These populationbased surveys represent countries with a high annual background incidence of type 1 diabetes comparable with that of Denmark [18] . Elding Larsson et al, who followed-up and screened children genetically at risk of diabetes for diabetesspecific autoantibodies in a multinational study, found that participation in the study was associated with reduced risk of DKA [19] . However, despite prevention campaigns and an improved system of medical care [20, 21] , the rate of DKA remains unacceptably high.
In many patients, the clinical course of type 1 diabetes during the first year is characterised by residual endogenous insulin secretion (the remission phase) [16, 22, 23] . The heterogeneity of the remission phase and its duration are influenced by several factors. Fernandez et al found that children with severe metabolic deterioration at the time of diagnosis had lower residual beta cell function and poor glycaemic regulation up to 2 years after diagnosis [23] . Pinkey et al observed no association between the presence of DKA at diagnosis and long-term glycaemic regulation during a 4-year prospective follow-up period [17] .
New advances in type 1 diabetes treatment regimens over the past decade call for a thorough evaluation of our efforts to improve metabolic outcome in children. The purpose of the present study is to: (1) describe DKA at the initial presentation of type 1 diabetes; (2) assess the association between DKA at onset with outcome measured as HbA 1c and insulin dose-adjusted HbA 1c (IDAA 1c ) during followup; and (3) investigate the influence of treatment regimens in a Danish paediatric population.
Methods
Subjects We conducted a register-based follow-up study of children newly diagnosed with type 1 diabetes aged 0 to 18 from 1996 to 2009. The new cases were drawn from a background population in Denmark of approximately one million children. The five health districts serving this population comprise 18 paediatric diabetes centres with a reported overall type 1 diabetes incidence rate of 22 per 100,000 inhabitants [24] . Exclusion criteria were patients diagnosed with, or suspected of, non-type 1 diabetes (maturity-onset diabetes of the young, type 2 diabetes, secondary diabetes, etc.). We stratified our patients into four groups according to age at diagnosis: <5 years, 5-10 years, 10-15 years, and adolescents >15 years of age.
Data collection Patients were diagnosed with type 1 diabetes according to the WHO criteria [25] . The date of the first insulin injection was considered to be the date of diagnosis. Data collected were baseline data (including ethnicity and family history of any type of diabetes in first-degree relatives), biochemical data at onset ( [18, 27] . Blood glucose >11 mmol/l (∼200 mg/dl), ketonuria and/or ketonaemia, and a venous pH value <7.30 marked the biochemical criterion for DKA [27] . The severity of DKA was classified as mild (7. Repeated-measurement models (named 'proc mixed procedure' in SAS) were used to quantify the relationship between glycaemic regulation and residual beta cell function and the various explanatory variables. A constant correlation within the individual patient over time was assumed for the repeated measurements of HbA 1c and IDAA 1c . The covariance structure assumed for all statistical models included age, sex, duration of diabetes, ethnicity, family history of diabetes, and centre difference, with a random intercept for each individual. Subsequently, the models were individually fitted with the covariates of treatment regimen, duration of CSII therapy and DKA, as indicated in the respective models. The HbA 1c and IDAA 1c results were considered fixed variables, whereas duration of diabetes, duration of CSII treatment, and treatment regimen were considered time-dependent covariates. Patients who were receiving CSII for less than 3 months were considered to be in the MDI category. A p value <0.05 was considered significant. Patients diagnosed with mild and no DKA comprised a homogeneous group in our population in terms of baseline data (sex, age at onset, ethnicity and family history of diabetes); similar patients diagnosed with moderate and severe DKA were homogeneous. All patients were therefore stratified into a dichotomous variable (none/mild and moderate/severe DKA), and analysed as specified in the following. The frequency of moderate/severe DKA at diagnosis among immigrant children and offspring of immigrants did not differ significantly; hence, we chose to analyse this group as one in the statistical model assessing time trend and geographical variation. A small number of patients were on MDI using indwelling subcutaneous catheters (81 subjects); hence, we chose to include these patients in the MDI category.
Results
We identified 3,332 children and adolescents newly diagnosed with type 1 diabetes from 1996 to 2009 and followed them prospectively until 1 January 2012. Owing to missing data for DKA verification at diagnosis, 368 (11.0%) subjects were not eligible for inclusion. We enrolled 2,964 patients in the study, 1,420 (47.9%) of whom were girls. The mean age was 9.17 years (95% CI 9.02, 9.31).
Biochemical data at onset The mean HbA 1c level in the study population was 11.3% (95% CI 11.2%, 11.5%), corresponding to 100 mmol/mol (95% CI 99, 102), before initiation of insulin therapy. The mean blood glucose at diagnosis was 27.2 mmol/l (95% CI 26.6, 27.7), corresponding to 490.1 mg/dl (95% CI 479.3, 499.1).
We observed a significant difference in HbA 1c at onset according to the different age groups (p=0.0001). Children <5 years had the lowest HbA 1c (mean 9.9% (~85 mmol/mol), SD 1.7%), and HbA 1c increased with each successively older age group. There were no differences in blood glucose at onset between age groups (p=0.15).
DKA at diagnosis of type 1 diabetes Out of 2,964 children and adolescents, 529 (17.9%) were diagnosed with DKA (venous pH<7.30 or bicarbonate <15 mmol/l). Table 1 shows demographic characteristics and the prevalence of DKA in our Danish population (electronic supplementary material [ESM] Table 1 illustrates raw data, and ESM Table 2 summarises the prevalence of DKA elsewhere). Of the 2,964 subjects, 245 (8.3%) had mild DKA, 235 (7.9%) had moderate DKA, and 49 (1.7%) had severe DKA at onset according to the definition. Almost half of the children <2 years of age had DKA: 17.9% had mild DKA, 28.3% had moderate, and 2.1% had severe DKA. DKA prevalence did not differ significantly between sexes (p=0.27). Table 2 Regional variation The DKA prevalence at onset differed between the various regions (p= 0.03) and between the different tertiary units (p=0.02). This difference in DKA prevalence, however, disappeared when DKA was stratified into none/mild and moderate/severe DKA, both with respect to regions (p=0.06) and tertiary units (p=0.05).
Metabolic regulation as assessed by long-term HbA 1c during follow-up We found an association of DKA at onset with metabolic regulation measured as HbA 1c during follow-up (after adjustments for other covariates, including treatment regimen and duration of CSII treatment), with a significantly higher HbA 1c over time for children presenting with moderate and severe DKA (0.24, 95% CI 0.11, 0.36; p=0.0003, Table 3 ). There was a significant interaction between DKA and duration of diabetes (p = 0.0036). Figure 1a illustrates the differences in HbA 1c over time according to classification of DKA at onset.
Residual beta cell function as assessed by IDAA 1c during follow-up Our analysis shows associations of DKA at onset with residual beta cell function as assessed by IDAA 1c , where we detected a significantly higher IDAA 1c level over time (reduced beta cell function) for patients presenting with moderate and severe DKA (0.51, 95% CI 0.32, 0.70; p<0.0001, Table 3 ) after adjustment for covariates, including treatment regimen and duration of CSII treatment. Here also we found a significant interaction between DKA and duration of diabetes (p<0.0001). Figure 1b illustrates the differences in IDAA 1c over time according to classification of DKA at onset.
Treatment regimen during follow-up Repeated-measurement models were used to analyse the effect of treatment regimen on long-term glycaemic regulation and residual beta cell function as assessed by HbA 1c and IDAA 1c, respectively. The additional covariates fitted in the model include the duration of CSII treatment, DKA and centre differences. The interaction between DKA and treatment regimen assessed by the duration of CSII treatment (where MDI-treated patients were treated as zero) was highly significant (p<0.0001), and the data indicate that CSII was associated with improved long-term HbA 1c and IDAA 1c , changing the effect of DKA (p<0.0001, ESM Fig. 1a, b) . In ESM Fig. 2 , the predicted HbA 1c values in this model for CSII-and MDI-treated patients are illustrated for patients with a diabetes duration of 2-4 years (ESM Fig. 2a ) and >4 years (ESM Fig. 2b ) with respect to duration of CSII treatment.
Discussion
In our study the prevalence of DKA was 17.9%, with 9.6% of the cases presenting with moderate and/or severe DKA (pH<7.2 and/or bicarbonate <10 mmol/l). We found significant differences between time periods in the prevalence of DKA (p=0.019). Our data demonstrate that DKA (moderate/severe) is associated with a higher long-term HbA 1c level as well as a higher IDAA 1c during follow-up compared with none/mild DKA at onset. Children with a family history of diabetes suffered less frequently from DKA (8.8% vs 19.2%); however, these children had a higher HbA 1c level over time. CSII was associated with a reduction in long-term HbA 1c and IDAA 1c results, changing the effect of DKA at onset. The observed frequency of DKA in our population is in line with countries geographically near Denmark. A higher DKA rate was observed in the youngest age group (<5 years), which is consistent with previous studies undertaken in countries with a high incidence of type 1 diabetes [4, 10, 14, 16, 29] . The very young children (<2 years) had an undesirably high prevalence of DKA (48.3%), comparable with register studies from Sweden, Finland and Germany (39.5-54.9%) [15, 30, 31] . The subtlety of the symptoms in infants and toddlers presents a challenge in diagnosing this age group [32] . Underlying aggressive beta cell destruction and a high risk of dehydration in this age group might also predispose the youngest children to be more vulnerable to metabolic derangements. Adolescents 10-15 years of age were also at high risk of DKA. The transition from childhood to adolescence and the child's appertaining independence-seeking behaviour, possibly complicated by physiological changes in multiple hormones accompanying puberty, might cause symptom neglect and progression into DKA. Individual and inter-personal factors, including personality types, mental health issues, peer relationships and family dynamics, may also have an important influence on both initial presentation and future glycaemic regulation, possibly with similarities to the challenges reported by adolescents and to their experiences of living with type 1 diabetes [33] .
Consistent with previous studies, we detected an unfortunately high frequency of DKA in children from ethnic minorities [14] . The reason for this high prevalence of DKA in this patient group is multifactorial, but it might well reflect language barriers, socioeconomic and cultural inequities, and differences in health-seeking behaviour. Parental consanguinity, leading to speculations of different aetiology of beta cell destruction, was not associated with differences in the rate of DKA in a study from Saudi Arabia [34] . However, additional studies are needed to explore differences between racial groups.
The frequency of DKA in children with a family history of diabetes was somewhat lower than in the TEDDY (The Environmental Determinants of Diabetes in the Young) Study (8.8% vs 11.3%) [19] , although the TEDDY Study only comprised patients under the age of five, who were The model with IDAA 1c as outcome variable was not applicable due to infinite likelihood. We combined the groups of CSII duration from 3 months to 2 years, and the estimates are illustrated accordingly intensely followed before and after the time of diagnosis [19] . We found that a family history of diabetes was a preventive factor for presenting with DKA; however, this 'advantage' seemed to diminish over time in our population, as these patients were observed with a higher long-term HbA 1c during follow-up. Increased awareness in families with previous experience of diabetes, but also increased alertness among family physicians, might predispose to a milder onset of disease, and finally a heterogeneity within the autoimmune and genetic risk [35] . The worse metabolic outcome in those patients with a family history of diabetes was not explained by differences in treatment regimens. Thus, the data in this patient group are too scant to draw any conclusions, and further analysis regarding the effect of treatment on this particular group was unfortunately not applicable. Children diagnosed with moderate/severe DKA did not differ from children with none/mild DKA on comparison of BMI standard deviation score at onset, the frequency of blood glucose measurements, insulin requirements, treatment regimen or the frequency of severe hypoglycaemia during followup. IDAA 1c , an indirect marker of beta cell function, was found to be significantly higher 6-18 months after onset in children with moderate/severe DKA (implying reduced beta cell function), but IDAA 1c was also found to be significantly higher during follow-up in this patient group, reflecting increased HbA 1c and/or a lower insulin sensitivity, and consequently a higher insulin requirement to obtain normoglycaemia. This is in line with the higher HbA 1c observed during follow-up in patients with moderate/severe DKA.
Interestingly, our data indicate that the effect of DKA at onset on long-term glycaemic regulation and residual beta cell function is changed by an intensive treatment regimen (CSII). However, it has to be taken into account that residual beta cell function in these calculations is based on insulin dose, which is known to be lower in CSII-treated patients.
We observed improved glycaemic regulation when patients were started on CSII, and the differences between DKA groups disappeared within the first year of CSII treatment. The initial improvement in glycaemic regulation might be due to the fact that the patients and their families receive thorough professional education at the initiation of CSII treatment. One year after initiation of CSII treatment, the glycaemic regulation worsens, and the differences between patients with deterioration at onset tend to reappear. We question whether it would be beneficial to re-educate the patients at this time, to increase awareness and improve compliance to alter this worsening of glycaemic regulation.
On 1 January 2012, the frequency of children on CSII in our population was 39.1% and is steadily increasing. Of the children on CSII, native Danish children represent 96.0% of the group, while immigrant children represent 2.8% and offspring of immigrants 1.2%. These data are therefore representative of the proportion of non-Danish patients (6.1%) in our population. However, one might debate whether the patients on CSII are highly selected and represent families with the necessary resources to achieve optimal adherence in the daily management of diabetes, thereby improving glycaemic regulation. Our data are in line with previous knowledge that tight metabolic regulation helps sustain endogenous insulin production and consequently improves longterm metabolic regulation as described in the DCCT Study [36] . Denmark offers a high level of healthcare provision with equal access for all citizens, enabling early diagnosis and the opportunity for tight metabolic regulation. However, compliance is a cornerstone of successful treatment in the pursuit to achieve optimal metabolic regulation in this patient group.
Strengths and weaknesses
The fact that the DanDiabKids register has 99% data completeness enables a thorough investigation of our paediatric diabetes patients in Denmark. In (b) a high IDAA 1c value corresponds to a low level of endogenous insulin production. The difference between the DKA groups was highly significant (p=0.00036 in a; p<0.0001 in b). a The reference group in this model was moderate/severe DKA with a duration of diabetes >4 years (adjusted for age, sex, duration of diabetes, ethnicity, family history of diabetes, treatment regimen, centre differences and duration of CSII treatment)
The study population comprised hospital-referred patients diagnosed at tertiary treatment units. This might positively influence an early diagnosis throughout Denmark and result in a low frequency of DKA compared with other countries. A limitation of this study is the locally analysed HbA 1c results at initial diagnosis assigned to the respective hospital units around the country. A strength, however, is the centrally organised laboratory unit used for annual samples of HbA 1c measurements throughout the study period, which were frequently validated and aligned with the DCCT values. We did not have data on the insulin analogues administered. Recent advances in new insulin analogues and differentiation of their effects will be of pivotal interest in future studies focusing on treatment modalities.
In conclusion, we found an increased risk of poor longterm glycaemic regulation and reduced residual beta cell function in children presenting with moderate/severe DKA at onset of type 1 diabetes. However, an intensive treatment regimen limited the negative effect of DKA at onset, with improved glycaemic regulation and residual beta cell function during follow-up, which was also true when centre differences were taken into account. The optimal time for CSII initiation, continuous education and strategies to decrease DKA at onset need to be evaluated in different populations to improve longterm outcome in this patient group.
